An affinity chromatography technique was developed to isolate the five penicillin-binding components present in Bacillus subtilis membranes. The proteins were solubilized by the detergent Nonidet P-40, bound covalently to penicillin-substituted Sepharose, and subsequently eluted from the matrix with neutral hydroxylamine, which cleaves the penicilloyl-enzyme bond. Penicillin binding-component V, the D-alanine carboxypeptidase, makes up 1% of the total membrane protein. A modification of the above procedure enabled this enzyme to be obtained from the membrane in pure form in a single step with 50% overall recovery of enzymatic activity.
Penicillin kills bacteria by preventing the last stage in cellwall biosynthesis, the cross-linking of nascent cell wall by the transpeptidase (1) (2) (3) . In Escherichia coli, and probably other microorganisms, the transpeptidase is irreversibly inactivated by penicillin (4) (5) (6) . It has been hypothesized that this inactivation is due to penicilloylation (2) . Many strains of bacteria have been shown to bind radioactive penicillin. Moreover, the sensitivity of the organisms to penicillin correlates roughly with the rate at which penicillin binds to the cells (7) (8) (9) (10) (11) (12) . In some cases it may be that organisms are killed by a mechanism that does not involve covalent binding of penicillin. The transpeptidase of Bacillus megaterium is competitively rather than irreversibly inhibited by penicillins (13) . Moreover, both E. coli and Streptomyces strains contain or excrete soluble D-alanine carboxypeptidases that are reversibly inhibited by penicillins (14, 15) . The Streptomyces carboxypeptidase catalyzes a transpeptidation reaction using synthetic substrates (16) , but it has not yet been shown that this extracellular enzyme is the physiological transpeptidase. In any case, the analysis of penicillin-binding components offers one promising approach to the study of cell-wall biosynthesis and the mode of action of penicillin.
It has now become clear that there exists in a bacterial membrane not one protein that reacts irreversibly with penicillins, but several. Two lines of experimentation first suggested the occurrence of multiple penicillin-binding components. The D-alanine carboxypeptidase of B. subtilis, which is irreversibly inactivated by penicillins (17) , could be inhibited in growing cells by 6-aminopenicillanic acid without killing the cells. In contrast, the cells were killed by cephalothin at concentrations that caused no inhibition of the carboxypeptidase (18) . This result implied the presence of at least two penicillin-binding components, the cephalothinresistant carboxypeptidase and the cephalothin-sensitive penicillin killing site. In fact, isoelectric focusing of B. subtilis Abbreviation: SDS, sodium dodecyl sulfate. 3751 membranes to which radioactive penicillin had been bound revealed multiple peaks of radioactivity. Prior treatment with cephalothin abolished some but not all of the bands (19, 20 (23) and that, under these conditions, the activity of the inactivated D-alanine carboxypeptidase of B. subtilis is restored (17) . (26) ; the sample application buffer customarily included 3% 2-mercaptoethanol. When large amounts of detergent or salt were in the protein samples, the protein was precipitated at room temperature (22°) with 80% acetone to separate it from the interfering substances. The D-alanine carboxypeptidase was assayed as described (21) .
Preparative Techniques. Succinyl-diaminodipropylaminoSepharose was prepared (27) substitution was monitored with the 2,4,6-trinitrobenzenesulfonate color test. The 6-aminopenicillanic acid was bound to the succinylated Sepharose derivative with the coupling agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (27) . To 10 ml of succinylated diaminodipropylamino-Sepharose in 15 ml of water was added 0.35 mmol of 6-aminopenicillanic acid and 15 ml of dimethylformamide. The pH was adjusted to 4.8, and 2.5 mmol of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide in 1 ml of water were added over a 5-min period.
The pH was maintained at 4.8 for 1 hr by titration with 0.1 N NaOH. The reaction mixture was stirred overnight at room temperature and then washed with at least 50 bed volumes of 0.02 M phosphate buffer (pH 7.0)-0.5 M NaCl. After washing, it was used immediately. Alternatively, the substituted gel was rinsed with distilled water followed by 1, 4-dioxane. It was then lyophilized for storage (28) . The success of the coupling reaction was verified by the hydroxamate assay for penicillins (29) . Although the assay was not readily quantitated due to turbidity problems, it appeared that the degree of substitution was several mg of penicillin per ml of gel. RESULTS
Isolation of the Penicillin-Binding Components. Membranes of B. subtilis were solubilized by addition of 1.0 M NaCl-0.05 M KPO4 buffer (pH 7.0)-2% Nonidet P40-1 mM 2-mercaptoethanol to yield a detergent to protein ratio of 5-6: 1 by weight. The mixture was incubated for 30 min at O°, after which it was centrifuged at 40 for 1 hr at 100,000 X g. The supernatant solution was added to the 6-aminopenicillanic acid-substituted Sepharose (5-30 mg of protein per ml of gel), Values were determined as described in Methods. Samples eluted from the column were dialyzed against 0.01 M Tris-HCO (pH 7.5), 0.02 M NaCl, 1 mM 2-mercaptoethanol before assay. and the slurry was incubated with gentle agitation for 30 min at 250. The mixture was poured into a squat column (e. g., 2.5 X 2.5 cm) at room temperature and rapidly washed with at least 10 column volumes (e. g., 150 ml) of the above buffer containing 0.1% Nonidet P-40. One column volume of elution buffer [0.8 M neutral hydroxylamine-0.5 M NaCl-0.05 M KPO4 buffer (pH 7.0)-1% Nonidet P-40-1 mM 2-mercaptoethanol] was fed into the column; the flow was then halted. After 30 min, a second column volume of elution buffer was fed into the column, after which the flow was halted for an additional 30 min. In some cases the process was repeated a third time. The last aliquot of elution buffer was finally eluted with one column volume of washing buffer. For concentration, the effluent fractions were pooled, dialyzed against 0.01 M Tris HCl (pH 8.6)-i mM 2-mercaptoethanol in the cold, and then applied to a column of DEAE-cellulose (Whatman DE-52); 3-6 mg of protein was used per ml of ion-exchange resin. The proteins were eluted from the column in a small volume by a stepwise change in buffer to 0.05 M Tris HCl (pH 8.6)-1% Nonidet P-40-1 mM 2-mercaptoethanol, and stored at 4°. t
The pattern of the penicillin-binding components isolated by affinity chromatography on SDS gels is illustrated in Fig.  1 . The five protein peaks (detected by staining with Coomassie brilliant blue) corresponded in position to the peaks of radioactivity from bound [14C]penicillin G reported previously (21) . The amounts of protein relative to component V, the carboxypeptidase, were determined by densitometry of the stained gel (Table 1) . These values were compared with the amounts of protein predicted from the relative quantities of [14C ]penicillin G bound to the different penicillin-binding components in the membranes. Components I and IV were obtained in good yield. The yields of components II and III were poorer.
t Pressure dialysis concentrated the Nonidet P-40, which is nondialyzable, as well as the enzyme and inactivated the carboxy- The rate at which 0.8 M neutral hydroxylamine hydrolyzed the penicilloyl-protein bond varied with the penicillin-binding component (Fig. 2) . Component I was released most readily; almost all was liberated by a 30-min exposure to 0.8 M hydroxylamine (pH 7.0) (Fig. 2a) . Two 30-min exposures sufficed for component V (Table 2 and Fig. 2 ). In contrast, components II and IV were released less readily.
Some Properties of the Penicillin-Binding Components. The hydroxylamine treatment required to elute the penicillinbinding components from the affinity chromatography gel does not appear to denature the binding components. An enzymatic activity is so far only known for component V, the D-alanine carboxypeptidase. That enzyme retained activity. Moreover, all of the isolated components still bound ["4C]-penicillin G (Fig. 3) . The peak of free ['4C]penicillin G is due to incomplete removal of the penicillin after the binding re-I The length of the "arm" between the penicillin and the Sepharose had no effect under the conditions used. Similar results were obtained with either ethylenediamine or 3,3'-diaminodipropylamine. It should be noted, however, that since the penicillin-substituted Sepharose was added in excess, minor differences in affinity would not have been detected.
The presence of high salt in the washing buffer was essential for purification. The derivatization of the Sepharose introduced charged groups into the matrix. These charged groups caused absorption to the gel, at low salt, of most of the membrane proteins. Unless these proteins were eluted by high salt at a previous step, they were released by the 0.8 M hydroxylamine needed to peptidase (component V).
cleave the penicillin-binding components from the gel. [14CIpenicillin G at a concentration of 170 Ag/ml was incubated with the isolated binding components for 10 min at 25°. A 250-fold excess of nonradioactive penicillin G was added, after which the protein was precipitated two times with 80% acetone to remove most of the unbound radioactive penicillin. The samples were electrophoresed on SDS gels in the absence of 2-mercaptoethanol to avoid release of the bound penicillin from the protein. Ammonium persulfate was removed from the gels before application of the samples by prior electrophoresis for 2 hr. * native penicillin-binding components; O -O, boiled control. action rather than due to hydrolysis. It can be eliminated by additional reprecipitations of the protein before application to the gel.
A question unresolved in the previous study of the penicillin-binding components (21) Previous results had demonstrated that the carboxypeptidase was at least three orders of magnitude less sensitive to cephalothin than were penicillin-binding components I, II, and IV (21) . Therefore, low concentrations of cephalothin should acylate these three components (but not the carboxypeptidase) and prevent their subsequent binding to the affinity column. This prediction was verified. Carboxypeptidase was purified under the same conditions as described above for the penicillin-binding components, except that the solubilized membranes were incubated in the presence of 2 jig/ml of cephalothin for 10 min at 250 immediately before addition of the penicillin-substituted Sepharose. Recovery of activity at various steps is summarized in Table 3 . The final product was judged to be over 99% pure on the basis of densitometry of an SDS gel of the material (Fig. 4) . The overall purification was virtually identical to that obtained in a previous purification of this enzyme (30) (31) (32) . Component III, as expected, was a minor contaminant of the product. Its normal low recovery, together with the cephalothin treatment, prevented it from being present in a larger amount.
DISCUSSION
Affinity chromatography has been used for purification of various substances (33) , including the recent purification of penicillinase (22) . In all of these cases the substance is bound reversibly to the affinity column and usually eluted with sub- Although the D-alanine carboxypeptidase from B. subtilis has been purified to homogeneity in this laboratory (30) (31) (32) , the earlier procedure was not well suited for preparation of large quantities of protein. In contrast, the affinity chromatography method reported here can be conveniently scaled up to give 50-100 mg of enzyme by batchwise purification. Presently, preparation of membranes represents the most onerous step in the purification. Preliminary results indicate that it may be sufficient to react the penicillin-substituted Sepharose with cells to which Nonidet P-40 has been added rather than with purified membranes solubilized with detergent. As a result of its ease of purification, the D-alanine carboxypeptidase of B. subtilis should be ideally suited for structural study as an example of a membrane enzyme and of a protein sensitive to penicillin.
An important question is how many genes code for the five penicillin-binding components in B. subtilis. It is possible, although unlikely, that proteolysis could convert one component into another. Comparison of tryptic fingerprints of the separated components should resolve this issue.
Separation of the binding components I through IV of B. subtilis from each other is being attempted. Among these components, I, 11, and IV are possible candidates for the penicillin killing site on the basis of the similarity in sensitivities of these components and of the killing site to various penicillins. Indeed, preliminary work with mutants resistant to penicillin suggests that components II and IV are penicillin resistant in penicillin-resistant mutants. In addition, success has been obtained in purifying the penicillin-binding components from S. aureus and E. coli. The method, therefore, promises to be applicable for analysis of a wide range of questions related to the interaction of penicillin with bacterial cells.
